Introduction
Flow injection analysis (FIA) has been recognized to be a versatile and valuable tool that is capable of analyzing large numbers of samples automatically and quickly. 1 For example, under a flow condition, such as a flow rate for a reagent solution of 1 ml/min and an injection time interval of 1 min, a sampling rate of ca. 60 sample h -1 can be achieved. That is, at least 1 ml of the reagent solution is consumed for the determination of one sample. This low consumption of reagent solution is one of the advantages to the determination compared with a batch system. FIA is, thus, attractive from the standpoint of Green Chemistry. Improvements in FIA techniques directed at reducing the volume of the reagent solution used for an analysis have been reported. Motomizu et al. 2, 3 proposed a micro-FIA method, where the pumping rate of the reagent solution is reduced by 1/2 -1/10 using a plunger pump that delivers a few microliter per stroke. The small volume delivered by one stroke enables the reagent and sample solutions to mix well in a short reaction coil. Ruzicka 4, 5 and Christian 5 described a novel sequential injection method using a syringe pump and a switching valve, in which the reagent and sample solutions are aspirated sequentially into a holding coil and then delivered to a detector. In this case, since the small volume of the reagent solution required for the reaction with the sample is aspirated, consumption of the reagent solution is economical. However, even for such economical techniques, any unreacted reagent solution with the sample, along with the reacted reagent solution, is wasted. A promising approach for better utilizing the reagent solution is the application of the circulatory (closed-loop) flow injection analysis method (CFIA), which is more suited to the concept of Zero Emission Research Initiative. 6 Dutt and Mottola, 7, 8 in pioneering work, reported on the use of CFIA in the determination of chrominum(VI) by recycling a reagent solution of Fe(II)-1,10-phenanthroline complex, where oxalic acid was added to the reagent solution as an accelerator of the redox reaction between Cr(VI) and the complex and regenerator to the Fe(II)-1,10-phenanthroline complex. Ishii et al. 9, 10 and Zenki et al., [11] [12] [13] [14] respectively, reported on CFIA/chemiluminescent and CFIA/spectrophotometric methods in which a reagent solution is circulated and regenerated by the reaction of the product with a component added to the reagent solution as an inhibitor.
In our previous work, 15 . An aliquot (5 µl) of a bromate sample solution was injected into the stream of the potential buffer solution, 100 ml of which was circulated at a flow rate of 1 ml/min; the potential buffer solution stream was then returned to the reservoir after passing through a flowthrough redox electrode detector. A potential change due to the reaction of the injected sample with the potential buffer in a reaction coil was measured with the detector in the form of a peak signal. The effects of the bromide, sulfuric acid and Fe(III)-Fe(II) concentrations in the potential buffer, and length of the reaction coil on the peak heights were examined in order to optimize the proposed CFIA method. The analytical sensitivities to bromate were 5. contained bromide. The transient potential change was a mountain-shaped form, which was composed of an increase and decrease in the potential due to the oxidation of bromide by bromate and the reduction of bromine by Fe(II) in a short reaction period. After the transient potential change, the potential reached an equilibrium potential, which was nearly equal to the initial potential, because the concentrations of Fe(III) and Fe(II) in the potential solution were sufficiently higher than the concentration of bromate in the sample solution. This suggests that the potential buffer could be reused for CFIA if it was not diluted with the carrier stream (water stream). The objective of this work was to apply our previously described FIA method to the determination of bromate, based on the detection of a transient reaction to the CFIA method by examining several parameters, such as the concentrations of the reagent and the flow conditions.
Experimental

Chemicals and apparatus
Stock solutions of 0.10 M potassium bromate, 0.1 M Fe(III) and 0.1 M Fe(II) were prepared according to a procedure described in a previous paper. 16 A potential buffer solution was prepared by mixing the two Fe(III) and Fe(II) stock solutions at the same volume and by adding appropriate amounts of sodium bromide (Sigma-aldrich Co.) and ammonium molybdate (Sigma-aldrich Co.) and sulfuric acid. All chemicals were of analytical-reagent grade.
The CFIA apparatus consisted of a double plunger pump (Model RX703T, SNK Co.), a 6-way rotary valve (5 µl loop, Intelligent auto-sampler AS-3000, Hitachinaka Instruments Co.), a flow-through type redox electrode detector (Model FLC-11, TOA-DKK Co.), consisting of a gold-plated electrode and a silver/silver chloride reference electrode, a potentiometer (Model IOC-10, TOA-DKK Co.) and a recorder (Model VP-6323L Panasonic Co.). A manifold was constructed from PTFE tubing (0.5 mm i.d.) and connectors.
Procedure
A schematic diagram of the proposed CFIA system is shown in Fig. 1 . The standard conditions shown in Fig. 1 were determined experimentally. A 100 ml aliquot of a potential buffer solution, consisting of Fe(III)-Fe(II), 0.35 M sodium bromide, 0.2% ammonium molybdate(VI) and 1.0 M sulfuric acid, was circulated at a flow rate of 1.0 ml/min from a reservoir. The potential buffer solution in the reservoir was maintained at a constant temperature of 25˚C by a thermostated water bath and was stirred with a magnetic stirrer under an atmosphere of nitrogen in order to minimize the air-oxidation of Fe(II) in the potential buffer. A series of 5 µl aliquots of a standard solution of sodium bromate was injected into the circulating stream of the potential buffer solution. The injected bromate reacted with bromide and Fe(II) in the potential buffer to generate bromine as an intermediate in a reaction coil (RC). The potential change due to the generated bromine was measured with the flow-through redox electrode and was recorded as a peak on a chart recorder. The injected sample solution was then transferred to the reservoir by the potential buffer. The sample solution was usually injected at a time interval of 1.5 min. It took about 40 s to return to the reservoir from the injector. The mean residence time for the sample zone in the RC (i.e. reaction time) was set at about 1.5 s using a RC 13 cm in length, except for an experiment involving an examination of the effect of length of the RC on the peak heights. To evaluate the reproducibility and repeatability of the proposed method, a series of the standard solutions of bromate were injected 4 times for each sample to prepare a calibration graph; then, 10 ml or 5 ml of the bromate solution was added to the reservoir (the addition of 10 ml of sample solution corresponds to 2000 injections of 5 µl sample solutions). These procedures were repeated several times.
Results and Discussion
Response of the redox electrode to the reaction of bromate with the potential buffer solution in the CFIA system
It has been found that the relationship between the response of the redox electrode and the reaction time in the reaction of bromate with the potential buffer solution shows the transient mountain-shaped change by the batchwise experiments in a previous paper. 15 The transient potential change was qualitatively explained by taking into account reactions (1) and (2) . Namely, bromate in the sample reacted preferentially with bromide in the potential buffer to generate bromine, and the generated bromine subsequently reacts with Fe(II) in the potential buffer:
Br2 + 2Fe 2+ = 2Br -+ 2Fe 3+ .
It was also verified experimentally that the transient potential change was due to the generation and depletion of bromine via consecutive reactions (1) and (2) by stopped-flow spectrophotometry. In our previous work, the rate of formation and decay of bromine was also confirmed to be first-order with respect to the concentration of bromate. 17 The increase and decrease of the response potentials were related to both electrode reactions (3) and (4) and their standard electrode potentials. Namely, the initial potential before the reaction with bromate was determined by the electrode potential of an Fe(III)-Fe(II) couple, and the potential was shifted to that determined by the Br2-Br -couple after the addition of bromate:
Br2 + 2e -= 2Br -E0 = 1.08 V vs. NHE. The relationship between the response (peak height) of the redox electrode and the reaction time (residence time of the sample zone in the reaction coil) was examined using the proposed CFIA system shown in Fig. 1 . When water (5 µl) without bromate was injected, a small signal peak was observed in a positive direction. In this single channel system, since the matrix of the potential buffer solution is changed when the sample solution is injected, this change may induce a potential change in the detector. Therefore, the net peak height was calculated by subtracting the peak height for a blank solution (H2O) from the observed peak heights for bromate solutions. The peak heights for blank solutions in the reaction time range were 4.2 -2.8 mV. Figure 2 shows the relationship between the net peak height and the reaction time. The reaction time was varied by changing the coil lengths in the range of 8 to 102 cm while maintaining a constant flow rate of 1 ml/min. The timecourse for the observed response was similar to the mountainshaped potential change obtained in our previous study, 15 though the response potentials must be considered naturally not only on the progress of the chemical reaction, but also on the dispersion of the sample zone. A maximum existed for a reaction period of around 2 s, and the peak height decreased with time after 2 s. The peak height at a reaction time of 2 s was proportional to the concentration of bromate in the range of 1.0 to 7.0 µM. Thus, a sensitive determination of bromate would be expected if the response at the reaction time of around 2 s can be detected by the CFIA system.
As can be seen from Fig. 2 , the peak height approached 0 mV for times longer than 12 s. Assuming that this peak height indicates that bromine, generated by reaction (1), was completely reduced by Fe(II) according to reaction (2), the potential after 12 s became to be an equilibrium potential of the overall reaction (5) (sum of reactions (1) and (2)). The initial potential before the addition of bromate and the equilibrium potential after the addition of bromate are expressed by Eqs. (6) and (7), respectively. Therefore, the potential change between the equilibrium potential and the initial potential can be expressed by Eq. (8):
BrO3 -+ 6Fe 2+ + 6H + = Br -+ 6Fe 3+ + 3H2O, In the present experiments, since the concentration of bromate was very low, compared to the initial concentration of Fe(III)-Fe(II) in the potential buffer, the potential change was nearly equal to 0 mV. For example, under the condition shown in Fig.  2(e) , when a 7.0 µM bromate solution (5 µl) was injected at a single time into the stream of the circulating reservoir solution (100 ml) containing 1 × 10 -2 M Fe(III)-Fe(II) and 0.35 M sodium bromide, the concentration change from Fe(II) to Fe(III) was calculated to be 2.1 × 10 -5 %, based on Eq. (5). This indicates that the change in potential from the initial potential is very much small, 1.1 × 10 -5 mV, as calculated from Eq. (8). Even when the 7.0 µM bromate solution (5 µl) was injected 10 4 times (corresponding to 50 ml of 7.0 µM bromate), the concentration change from Fe(II) to Fe(III) was only within 0.21%, and the potential change was less than 0.11 mV, taking into account the increase in the reservoir volume. Therefore, very large numbers of repetitive determinations of bromate would be expected using a small volume of the reservoir solution for the CFIA, since the change in the composition of the potential buffer was negligible and the baseline potential was almost constant.
Optimization of composition of the potential buffer and the flow system
In the CFIA system, since the initial volume of the potential buffer solution circulated is constant, the potential buffer solution is diluted by the injection of many bromate samples. As described in the previous section, the composition of the potential buffer solution (concentration ratio of Fe(III) to Fe(II)) is nearly the same, but the dilution of the potential buffer would be predicted to have a great influence on the reproducibility of the peak heights in the determinations. Thus, the concentrations of sulfuric acid, sodium bromide and Fe(III)-Fe(II) in the potential buffer solution are important factors for achieving the reproducibility as well as the sensitive determination of bromate, based on the detection of the transient change. The effects of the sodium bromide and sulfuric acid concentrations are shown in Figs. 3(A) and (B) , respectively. This experiment was conducted under the conditions described in Fig. 1 . As can be seen from Fig. 3 , the peak heights for the bromate solutions increased gradually with increasing concentrations of sodium bromide and sulfuric acid, and became nearly constant at 0.3 -0.5 M sodium bromide and 0.8 -1.2 M sulfuric acid. When 0.2% molybdate(VI) was also added into the potential buffer solution, the peak height increased by about 3 times compared with that without molybdate(VI). This may indicate that molybdate(VI) acts as a catalyst of reaction (1) . Figure 4 shows the effect of the Fe(III)-Fe(II) concentrations in the potential buffer solution. In this case, the concentrations of sodium bromide and sulfuric acid were maintained constant at 0.35 M and 1.0 M, respectively. The peak heights gradually decreased when the concentration of the Fe(III)-Fe(II) buffer solution was increased from 5 × 10 -3 to 1 × 10 -2 M. This tendency can be explained by the rate of reaction (2) . That is, when the concentration of Fe(II) in the buffer increases, the rate of reaction (2) bromine is then low. Thus, the peak height due to the generated bromine decreased.
Although the volume of the injected sample should be as small as possible compared to the volume of the reservoir, since the potential buffer solution in the reservoir is gradually diluted by the increasing number of samples injected, a sample volume of 5 µl was chosen as a compromise with respect to the sensitivity, determination range and sample throughput. Other flow conditions, such as the flow rate and injection interval time for the sample, were experimentally optimized by taking the sensitivity into account.
Repetitive calibration peaks in the CFIA method
To evaluate the reproducibility and sensitivity of the peak heights for continuous injections of a large number of bromate samples in the CFIA method, different concentrations of a standard bromate solution (5 µl) were injected 4 times, to prepare a calibration curve. Flow signals for the four sets of calibration peaks obtained by using 1 × 10 -2 M and 1 × 10 -3 M Fe(III)-Fe(II) potential buffer, respectively, are shown in Figs.  5A and 5B. Ten milliliters of a 6.0 µM solution and 5 ml of a 1.0 µM bromate solution, corresponding to 2000 and 1000 repetitive injections of the 5 µl sample, respectively, were added to each reservoir after preparing the first calibration peaks, Figs. 5A(a) and B(a), respectively. The second calibration graphs (Figs. 5A(b) and B(b)) were prepared after the addition of 10 ml and 5 ml of each bromate solution, and the same procedure was repeated. Sample injection in both calibration graph was done by means of an automatic injector at 1.5-min intervals. As described in the previous section, the peak signal was observed for the injection of a blank solution (H2O). The blank peak is a drawback in the analysis, but the peak height is reproducible. The analytical parameters obtained from both first calibration graphs (Figs. 5A(a) and 5B(a)) are given in Table 1 . The peak heights for each calibration curve were almost linear in concentration ranges of bromate indicated in Table 1 Figs. 5A(c) and 5B(c), were possible with high reproducibility using the proposed CFIA method with only 100 ml of the potential buffer solution being required. If 100 ml of the potential buffer was used for the two-channel FIA method reported previously, 15 only 65 samples could be determined.
Furthermore, the present system was run continuously for 24 h, and the calibration peaks were measured at 4 h intervals in order to examine the reproducibility of the peak height and long-term stability. As can be seen from Fig. 6 , a good reproducibility of the peak heights and a stable baseline were maintained when the system was used continuously for more than 24 h. The fluctuation in the sensitivities and the drift in the baseline potential were within 5.10 ± 0.2 mV/µM and within 0.1 mV/h, respectively. The good reproducibility and long-term stability of the present method was due to utilizing the redox electrode detection in a well-defined potential buffer.
Conclusion
Repetitive determinations of a large number of trace samples of bromate were achieved by the proposed potentiometric CFIA method by using a small volume of an Fe(III)-Fe(II) potential buffer solution containing bromide; the determination of more than 4000 samples was carried out using only 100 ml of a 1 × 10 -2 M Fe(III)-Fe(II) potential buffer solution. This indicates that 25 µl of the potential buffer solution was utilized for each 5 µl of the sample solution. Since the initial volume of the potential buffer solution is constant in the CFIA method, the volume of the potential buffer solution increases with increasing numbers of samples injected, and the potential buffer solution is diluted by the sample solution. Therefore, the maximum number of possible determinations may be determined by dilution of the initial potential buffer solution by the injected sample solution. If increased water was to be effectively eliminated by a reverse osmosis membrane to maintain the initial volume of the potential buffer solution, even larger numbers of samples could be determined by the proposed CFIA. The present method has a potential for applications to various oxidative species, such as chromium(VI), hydrogen peroxide and chlorine in water, in process control and in environmental monitoring. The potential buffer is the same as the calibration in Fig. 5(A) .
